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The observation of gravitational waves from an asymmetric binary opens the possibility for heavy neutron
stars, but these pose challenges to models of the neutron star equation of state. We construct heavy neutron stars
by introducing non-trivial structure in the speed of sound sourced by deconfined QCD matter, which cannot be
well recovered by spectral representations. Their moment of inertia, Love number and quadrupole moment are
very small, so a tenfold increase in sensitivity may be needed to test this possibility with gravitational waves,
which is feasible with third generation detectors.
The LIGO/Virgo Collaboration (LVC) recently measured
the coalescence of a black hole and a compact object with
mass M ≈ (2.5 − 2.67)M [1]. Already much debate exists
about whether the latter is a black hole, a primordial black
hole, or a neutron star [2–4]. If the binary had had a mass
ratio closer to unity, the event could have led to a measure-
ment of the tidal deformability of the small compact object,
perhaps providing direct evidence for whether it was a black
hole or not. Lacking this measurement, the detection of the
merger and post-merger phase, or an electromagnetic coun-
terpart, arguments have been put forth that the small object
has to be a black hole, since, after all, its mass is above what
is currently believed to be the maximum mass of neutron stars
Mmax ≈ (2.3, 2.4)M [1]. This belief is based on either galac-
tic population modeling arguments [5, 6], which could suffer
from selection bias, from mass threshold estimates with nu-
merical relativity simulations [7–10], which make certain as-
sumptions about the equation of state (EOS), or from LVC
measurements of the EOS with the GW170817 event [11],
which use a particular spectral parameterization [12–14].
Inferences about the nature of a compact object that rely
on prior assumptions on the EoS can be delicate given current
nuclear physics uncertainties. Indeed, the community has had
to revise its EOS assumptions several times before, as heav-
ier and heavier neutron stars have been found, with perhaps
the ∼ 2.1M millisecond pulsars recently discovered being
the latest example [15, 16]. The spectral EoS and other similar
piecewise parameterizations do not directly model any nuclear
microphysics, such as the possibility of deconfined Quantum
Chromodynamics (QCD) matter within the core of the neu-
tron star, which is expected at large enough baryon densities
[17–30]. A key feature of all currently known models with
deconfined QCD matter is that they present structure in their
speed of sound, c2s , such as peaks, dips, kinks, and even dis-
continuities [30–37], which allow for a larger maximum mass.
In fact, quarkyonic matter has been predicted to have a large
peak in c2s at sufficiently low baryon densities, which allows
for neutron stars with large maximum masses [35]. In most
cases, these features do not lead to mass twins, as the latter
requires that the speed of sound remains zero for an extended
region in the QCD phase space [38]. In fact, in our analysis
we found it difficult to produce a mass twin that can reach a
maximum mass as high as M ≥ 2.5M, but we leave further
twin studies for a later paper.
Enlarging the Phase Space of EOSs – A number of phe-
nomenological methods exist to parameterize the EOS of neu-
tron stars, with the three primary ones being piecewise poly-
tropes [39, 40], spectral functions [12–14], and parameterized
c2s functions [30–34]. Here we consider the latter with a wide
variety of functional forms for c2s that are able to capture the
possible unique and kink-prone structure of the speed of sound
inside neutron stars. For this first study, we leave the crust
fixed, assumed to be given by the SLy EOS [41–44] up to
baryon densities of approximately n ∼ 2nsat, with nsat nuclear
saturation density, and match it onto a chosen functional form
for c2s at larger densities. While some degree of error may
exist from the crust assumption [45], this crust model is the
same as that used by the LVC [12, 39]. Unlike in [33], how-
ever, we purposefully do not ensure that derivatives of c2s are
continuous during the matching, precisely because we wish
to model structure in the speed of sound. In fact, it is even
possible to have jumps in the speed of sound if a phase tran-
sition occurs, or if new degrees of freedom become relevant
at a specific baryon density. For instance, in [46] the QCD
critical point (at finite temperatures) and a first order phase
transition are modeled by a 3D Ising model, which leads to a
sharp peak followed by a dip in c2s along the phase transition,
while in [36] kinks are seen in c2s .
Structure in the speed of sound, such as kinks, dips or
peaks, can be understood in terms of a change in the degrees
of freedom inside a neutron star, which in turn can be un-
derstood through the susceptibilities of the pressure, i.e. the
derivatives of the pressure with respect to the chemical poten-
tial µB (χn = dnP/dµnB). For instance, when n = 1, the suscep-
tibility is simply the baryon density, χ1 = nB = dP/dµB. The
order of a phase transition is determined by the first diver-
gence in the susceptibility. For example, a first-order phase
transition occurs when the baryon density diverges at some
µB, while a second-order phase transition occurs when χ2 di-
verges at some µB. There is a direct connection between c2s
and χ2, given by c2s = nB/(µBχ2) [35]. Therefore, interesting
structure in the speed of sound can provide direct insight into
changes in the degrees of freedom within a neutron star.
Structure in the speed of sound, however, cannot be added
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FIG. 1. (Color online) Left: Parameterized speed of sound as a function of baryon density. The individual colors indicate different choices for
the functional form of c2s , as explained in the supplementary material. The horizontal lines denote the pQCD limit of c
2
s = 1/3 and the causal
limit c2s = 1. Observe that all speed of sounds remain causal in the regime of interest. Middle: EOSs resulting from the parameterized speed
of sounds. The shaded region corresponds to the 90% confidence region reported by the LVC in [1]. Right: Mass-radius curves resulting from
the new EOSs. Observe that all neutron star sequences reach a maximum mass of at least Mmax ≥ 2.5M. The recently inferred mass of the
small compact object in GW190814 is shown in the gray band and the radius extracted from NICER observations of the isolated pulsar PSR
J0030+0451 is shown in the blue square.
arbitrarily, since the resulting EOS must still respect certain
restrictions. The restrictions we adopt are that the EoS (i) re-
main causal with 0 < c2s ≤ 1, (ii) allow for Mmax > 2.5M,
and (iii) fit within current radius and tidal deformability con-
straints from LVC and NICER measurements [11, 47–49].
While arguments from pQCD exist that c2s should approach
1/3 from below at asymptotically large densities [50–52], we
do not restrict our functional forms to return to this limit. We
make this choice because the pQCD limit may take place at
extremely high densities that are well beyond the central den-
sity of neutron stars, which typically do not exceed 5 times
nuclear saturation density.
An infinite family of EOSs satisfy the above restrictions,
but we construct a representative set as follows. Below 1.5nsat,
the speed of sound is that of the SLy EoS, but at some chosen
density n1 ≥ 1.5nsat, c2s transitions (either through a linear or
quadratic polynomial, or through a hyperbolic tangent) to a
new regime, in which c2s may have a bump or spike that even-
tually decays to a chosen value, or jumps to a large plateau, or
oscillate about a constant value (see the Supplementary Mate-
rial for more information). In some cases we combine multi-
ple structures within the same EOS with the idea that a neutron
star may switch on many new degrees of freedom as large den-
sities are explored. As we shall soon see, the common thread
in all of these EOSs is a sharp rise between baryon densities of
nB ∼ (1.5−3)nsat, which produces a kink in the speed of sound
and in the EOS, similar to what was seen in [30], and which al-
lows for very massive neutron stars. Once our family of EOS
are established, we solve the Tolman-Oppenheimer-Volkoff
(TOV) equations to determine the mass-radius relation, and
the Einstein equations in a slow-rotation expansion to deter-
ime the moment of inertia, the Love number and the rotational
quadrupole moment for a sequence of slowly-rotating and sta-
ble neutron stars in the Hartle-Thorne approximation [53, 54].
Kinky neutron stars – Figure 1 shows the parameterized speed
of sounds, the resulting EOSs and the mass and radius gener-
ated for each EoS for varying central densities. Strikingly,
all of the EOSs that satisfy the aforementioned restrictions
have a steep increase in c2s at n1 ∼ (1 − 3)nsat. The larger
n1, the wider the transition has to be to allow for stars with
Mmax > 2.5M. A transition at n1 & 3nsat does not produce
an EOS stiff enough to allow Mmax > 2.5M. Furthermore, if
the transition occurs at n1 ∼ (1 − 3)nsat, one can place a large
multitude of structure at even larger densities, such as oscilla-
tions, without any obvious effect. This is because a large jump
in the c2s at low densities pushes the maximum central baryon
density, associated with the maximum mass star, to lower val-
ues. Thus, we find that it is not possible to probe the EOS at
nB/nsat & (4 − 5) because neutron stars in that regime would
not be stable. The majority of our EOSs have a maximum
central baryon density in the range of nB/nsat ∼ 2 − 4 with a
few extreme exceptions that can reach down to nB/nsat ∼ 1.5
or up to nB/nsat ∼ 5. Unsurprisingly then, our family of EOSs
demonstrates a relationship between n1 and the radius of the
neutron star at its maximum mass: a peak occurring at larger
n1 is more compact compared to a peak at a smaller n1 that is
fluffier.
Figure 1 presents a subset of all the EOSs we investigated,
with different colors (magenta, organce, gray, yellow-green,
blue, dark blue, dark purple, red) denoting different sub-
families encoding a particular functional form of c2s , and dif-
ferent line styles (solid line, long dashed line, dot dashed lines,
and a thin long dashed lines) denoting different choices of
parameters within each sub-family. The magenta sub-family
forces c2s to rise sharply to the causal limit (c
2
s = 1) at differ-
ent values of nB/nsat. The orange sub-family transitions to a
constant value of c2s through a hyperbolic tangent of varying
steepness. The gray sub-family varies the end-point of c2s at
3large densities, while the yellow-green sub-family varies the
location of the peak. The blue sub-family varies both the peak
location and width simultaneously in order to ensure that they
all produce a maximum mass of M ≥ 2.5M. The dark blue
sub-family has the same initial peak structure, but varies the
functional form of c2s after this peak. The dark purple sub-
family includes oscillations after an initial rise, and the red
sub-family includes a double peak structure.
Although the spectral EOS parameterization of [12–14] can
fit a wide range of EOSs, including the family introduced here
to better than 5%, the spectral parameterization is not capable
of fitting sharp structure in the speed of sound. We can see
this in Fig. 2, which shows Γ(p) := [( + p)/p]dp/d, where
 is the energy density and p is the pressure, as a function of
pressure. The spectral fit goes through an average of all the
structure in the EOS, a feature that was known already from
the original work that introduced this parameterization [12].
In our case, however, this is problematic because it is this pre-
cise structure that allows for neutron stars with masses above
2.5M. As we can see on the right panel of this same fig-
ure, the error incurred by the spectral representation translates
into large changes in observables, such as the resulting mass-
radius relation.
One may wonder why the EOS family we study here lies
outside the 50% credible region found by the LVC (as shown
in Fig. 1), when the spectral representation is able to produce
a good fit to our EOS family. The answer is that the spectral
representation produces a good fit on average, but is not ca-
pable of reproducing fine structure in the speed of sound. As
usual in Bayesian analysis, the 50% credible region in Fig. 1)
should be understood as the credible region for a spectral EOS
prior, and not in the context of the true EOS of nature, what-
ever that may be. Since the spectral EOS (with 4 parameters)
cannot reproduce kinks, deeps or peaks in the EOS, its 50%
credible region will be different than that obtained if one were
to re-analyze the data with an EOS that was able to reproduce
such structure.
Given the family of EOSs we constructed here, we can also
compute other neutron star observables that may be within
reach in the near future, such as the moment of inertia I, the
rotational quadrupole moment Q and the (` = 2, electric-
type) tidal Love number λ2. Figure 3 presents I, Q, and the
tidal deformability parameter that enters the LVC waveform
model Λ, which is linearly related to λ2, for our EOS fam-
ily. All quantities are non-dimesionalized through the mass
M and the dimensionless spin parameter a := S/M2, with S
the (magnitude of the) spin angular momentum. As expected,
all of these quantities decrease with M, reaching very small
values when M > 2.5M. The moment of inertia reaches
values of I/M3 ∈ (4.5, 9), while the rotational quadrupole mo-
ment reaches values of Q/(M3a2) ∈ (1.3, 3.5), and the tidal
deformability reaches values of Λ ∈ (2.1, 90). The low end of
these ranges are very close to what I, Λ and Q would be for
black holes, implying these non-rotating stars are as close as
they could be to the black hole limit, while remaining stable.
The small values of the above observables for very heavy
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FIG. 2. (Color online) (Top) Γ(p) := [( + p)/p]dp/d as a function
of log(p/p0), with p0 = 2.03 × 1014 g/cm3, p the pressure and  the
energy density, and (bottom) mass-radius curves for a few members
of the EOS family we constructed (same color coding as in Fig. 1)),
and spectral fits to these members (same color scheme but dot-dashed
line style). The spectral fit is able to reproduce Γ on average, but it
misses the sharp features in the speed of sound. These features that
are missed lead to large deviations in observables, such as in the
mass-radius curves.
neutron stars has important implications on their detectability
through gravitational wave inspiral observations. For grav-
itational wave observations of the late inspiral phase to be
able to measure such small values of Λ or κ = −Q/(M3a2)
they must have a resolution of |δΛ| . 10 & |δκ|. Cur-
rent gravitational wave measurements, using for example the
GW170817 event [55], can resolve Λ for a 1.4M star to
roughly δΛ ≈ (100 − 400) at 90% confidence, while κ is cor-
related with a certain combination of the object’s spin, yield-
ing no measurements to date. This implies that one needs
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FIG. 3. (Color online) Dimensionless moment of inertia I/M3 (left), tidal deformability parameter Λ (center), and rotational quadrupole
moment Q/(M3a2) (right) versus mass for our EOS family. The red dots indicated the values of I/M3, Λ and Q/(M2a2) for a 2.5M star.
Observe that the tidal deformability decreases with mass, and in particular, it drops to Λ < 35 for M > 2.5M.
at least a one order of magnitude increase in the signal to
noise ratio to be sensitive to the small tidal deformabilities
of very heavy neutron stars. This could be accomplished with
third-generation detectors, such as Cosmic Explorer or Ein-
stein Telescope [56–58], or with a fortuitous close event when
aLIGO reaches design sensitivity.
The observables presented above show a relative fractional
variability of about 40% with respect to changes in the struc-
ture of the EOS, but this variability can be essentially elimi-
nated by constructing the I-Love-Q relations [59, 60]. When
doing so, we find relative fractional variabilities of . 1%. This
result is important because it implies that another set of uni-
versal relations must also exist, namely that between the tidal
deformabilities λ(1)2 and λ
(2)
2 of two heavy neutron stars in a
compact binary [61]. If these binary Love relations exist for
heavy neutron stars, one could then use the EOS-independent
method employed on GW170817 to infer the mass and radius
of such stars [11], which does not require a prior choice of
EOS parameterization.
Future Directions – We have demonstrated that, if GW190814
was generated by the coalescence of a black hole and a neu-
tron star, then the neutron star EOS is highly likely to contain
non-trivial structure in c2s between nB/n0 ∼ 1.5 − 3 to almost
the cause limit. This result is important because it would im-
ply a large change in the degrees of freedom at zero temper-
atures and low baryon densities in the QCD phase diagram
- possibly even the presence of a phase transition. Proving
that this is the case, however, requires the measurement of
very small tidal deformabilities in the inspiral phase, which
would only be accessible with third-generation gravitational
wave detectors, or alternatively the detection of the merger
and post-merger phase [62].
While in this study we apply an agnostic approach to the
degrees of freedom within the core of a neutron star, it is
likely that only models that have drastic changes in the de-
grees of freedom (such as deconfined QCD matter) can pro-
duce Mmax ≥ 2.5M while preserving causality. For in-
stance, the quarkyonic phase [63] naturally leads to this be-
havior [35, 37], which would have far reaching consequences
not only for cold neutron stars but also for the finite tempera-
ture QCD phase diagram probed at the Beam Energy scan at
RHIC, and during the the merger of neutron stars themselves
[62].
Future work could consider whether there are any other
ways to produce such massive neutron stars, for example
through a very stiff crust model that yields an EOS that re-
mains causal. With that analysis in hand, one could then
construct an improved spectral parameterization that is capa-
ble of capturing kinks in the EOS, because detecting these
would provide invaluable information about the state of mat-
ter at densities above nuclear saturation. Other work could
focus on extending the methodology studied here to produce
mass twins [28, 36, 38, 64–66], and to study whether other
nuclear physics properties can be extracted from gravitational
wave observations [67–71]. Once the merger and post-merger
phases of the coalescence of neutron stars becomes detectable,
hopefully when advanced LIGO reaches design sensitivity,
one may also search for signatures of heavy neutron stars
through their tidal disruption, mass ejecta, and kilonova fea-
tures.
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7SUPPLEMENTAL MATERIAL
The method to construct the family of EOSs we study here
is illustrated in Fig. 4. We divide the EOS into 2 regimes,
a low density regime nB < n1 and a high density regime
nB > n2 > n1, connected through an intermediate regime
in n1 < nB < n2. In the low density regime (nB < n1),
we use the SLy EOS [41–44] to represent nuclear matter be-
low nuclear saturation density. In the high density regime
(nB > n2 > n1), we use a structure function that can introduce
oscillations or bumps in the speed of sound. For instance, the
structure function can introduce a bump or a gradual down-
ward trend through a Gaussian function, it can introduce a
fixed point where the speed of sound has a constant value, or
it can introduce oscillations through trigonometric functions.
In the intermediate regime (n1 < nB < n2), we use a connec-
tor function that can provide interesting structure (kinks, dips,
etc) in the speed of sound. For instance, we can generate a
spike in the speed of sound by combining two linear connec-
tor functions, or by smoothly connecting a large jump through
a hyperbolic tangent function. Below we detail one specific
subset of EOS to provide an example of our method. Since
this methodology will lay the foundations for future studies
on the functional form of c2s of neutron stars, we also make a
Mathematica code that can reproduce these EOS available at
https://github.com/jnoronhahostler.
FIG. 4. (Color online) Flow chart of the piecewise functional forms
of c2s to create an EOS. More complicated structure in c
2
s can be cre-
ated with multiple connector and structure functions.
One consequence of the large jump in c2s that is discussed in
this paper is that the maximum mass of a neutron star for our
family of EOS occurs at relatively low nB/nsat. In the plots
below a black dot is shown at the points in the functional form
of c2s where the central density of the neutron star is reached.
Beyond this density neutron stars are no longer stable. Most
of our EOS have a maximum central density of nB/nsat = 2−4
with a handful of extreme EOS that can have a central density
as low as nB/nsat = 1.5 or a high one at nB/nsat = 5. These ex-
treme cases are only reached with the speed of sound contains
a dramatic jump up to around the causal limit either at low or
high densities.
As an example of a sub-family of EOSs we study one
which contains a peak in the speed of sound, similar to what
was studied in [33], which can also be well motivated by
quarkyonic matter [35]. The functional form of the speed of
sound used to create this EOS is
c2s(nB) =

f sly1 (
nB
nsat
) nB ≤ n1
f2(nB) ≡ ( nB−nminnsat )2 + c0 n1 < nB < n2
f3(nB) ≡ cend − m exp
[
− (nB/nsat−s)2w2
]
nB ≥ n2
(0.1)
where nmin and c0 are determined by solving the following
equations given the transition densities n1 and n2:
nmin =
f2(n2) − f1(n1) +
[
(n1/nsat)2 − (n2/nsat)2
]
2(n1/nsat − n2/nsat) nsat
c0 = f2(n2) − (n2 − nmin)/nsat (0.2)
and cend is the final c2s at large densities, w is the width of
the peak, m provides a magnitude for the effect, and s shifts
the position of the peak. This sub-family of EOSs is then
parameterized by {n1, n2, cend,m, s,w}.
Figure 5 shows the effect that a single peak in the speed
of sound at different locations has on the EOS and the result-
ing mass-radius relation. An increase in the transition density,
n1, at which the peak occurs has the effect of decreasing the
maximum mass, while also decreasing the average radius. As
the peak is shifted to higher nB/nsat it is clear that the central
density that least to the maximum mass also increases. How-
ever, for this specific peak eventually placing it at too high
of nB/nsat ∼ 2.5 leads to a maximum mass that is too small.
One can see that a peak that leads to a sufficiently high max-
imum mass has a maximum central density that is relatively
low. This implies that degrees of freedom that would be rele-
vant at higher baryon densities would not be possible to probe
using the mass-radius relationship of a neutron star. Finally,
we point out the the maximum central density is directly re-
lated to the radius of the star i.e. a low maximum central den-
sity implies a “fluffier” star with a large radius and a higher
maximum central density implies a compact start with a small
radius. We find that EOS that can produce M > 2.5M gener-
ally are less density and, therefore, produce large radii.
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FIG. 5. (Color online) Speed of sound (left) and mass-radius curve for a sub-family of EOSs with peaks in c2s peaks of the same width at
different locations. The parameters of this subfamily were chosen to guarantee that the EOS remain causal and produce some neutron stars
with Mmax ≥ 2.5M. Observe that peaks at low baryon densities have the effect of increasing the maximum mass and the average radius.
